Abstract In a number of species with biparental care, the parents of one sex desert the mate and brood before the chick is independent. The reasons for this desertion are poorly understood. In the study reported here we investigated whether sex-specific changes in body mass corrected for size (in short body mass) and the stress-related heterophil to lymphocyte ratio (H:L) during the late incubation and chick-rearing period are related to female brood desertion in a small Arctic seabird, the Little Auk (Alle alle). The body mass of both sexes did not change during the study periods, although females were significantly lighter than males. No sex differences were found in the pattern of changes in the H:L ratio. In both sexes, the H:L ratio, and thus the stress level, increased significantly just after hatching and remained high until the last week of chick rearing when it fell back to the level recorded during incubation. These results support behavioural reports of an equal male and female contribution to parental care. The similar body condition of males and females undermines the hypothesis on the depletion of female body reserves as the main trigger of their earlier brood desertion. It is possible that a sex-specific role in parental care during and after fledging and/or an ancestral pattern of parental care are responsible for the transition to paternal care in Little Auks. 
Introduction
Parental investments are governed by a trade-off between the benefits and costs of resources allocated to current versus potential future reproductive performance (CluttonBrock and Vincent 1991; Stearns 1992) . To reconcile their own survival and that of their offspring, animals use a variety of strategies involving both behavioural and physiological changes during reproduction. The majority of avian species perform biparental care (Cockburn 2006) . For many ecological groups, and seabirds above all, this is an obligatory breeding system, and the lapse of one parent's contribution leads to breeding failure (Gowaty 1996) . Biparental care also increases the parents' survival by conserving their energy resources. Nevertheless, because of anatomical, physiological, behavioural and ecological constraints, the level of the contribution to particular activities, or specific parental roles, even in biparental systems may vary between sexes (Trivers 1972; Bart and Tornes 1989; Elliot et al. 2010) . Sex-specific contributions/ roles in parental care may lead to sex-specific modulations of body condition, and this in turn may affect male and female decisions on further energy allocation into offspring.
In a number of species characterized by biparental care, the parents of one sex desert the mate and brood before the chick is independent (Oring 1982; Davies 1991) . The reasons for this desertion are usually poorly understood. There are basically two hypotheses, both founded on life-history theory, with a sexual conflict being involved. One concerns the re-mating opportunity of the deserting sex. Particularly when resources are ample, one parent may try to escape parental duties and increase its reproductive output with another breeding attempt (Davies 1991; Andersson 2005; Eldegard and Sonereud 2009) . However, this explanation is plausible only in groups/ species in which the desertion occurs at a relatively early stage of breeding and there is time for a second breeding attempt. The second hypothesis takes the differential capacity and/or roles of the parents into consideration and usually assumes that the female is the sex more vulnerable to experiencing body reserve depletion. According to this hypothesis, a female deserting the brood is approaching a critical level of her own body reserves, which are diminishing as a result of earlier incurred parental costs, including egg production (Erckmann 1983) . Alternatively, it has been hypothesized that the parent staying with the offspring may somehow be predisposed to perform particular activities more than the deserting parent (e.g. Paredes and Insley 2010) .
In this study we investigated whether the transition from biparental to male-only care is related to sex-specific changes in some body condition parameters during the late incubation and chick-rearing period in a small (130-200 g), colonially breeding, high-Arctic seabird, the Little Auk (Alle alle). The Little Auk is socially and genetically monogamous (Lifjeld et al. 2005; WojczulanisJakubas et al. 2009a ) with a very slight sexual dimorphism (males have larger total head length than females; . A female produces one egg annually. Little Auks, together with the Brünnich's Guillemot (Uria lomvia), the Common Guillemot (Uria aalge) and Razorbill (Alca torda), constitute the tribe Alcini, the members of which are noted for displaying the transition from biparental to paternal care. Chicks of all four species are escorted by the male parent during their first journey to sea, where exclusively paternal care (guiding and leading to good foraging areas) is believed to be continued for the next few weeks (Sealy 1973; Harris and Birkhead 1985; Stempniewicz 1995; Gaston and Jones 1998; Harding et al. 2004; Paredes et al. 2006) . However, Little Auk chicks depart the colony later and are better developed (approx. 27 days after hatching with 68-72% of adult body mass; Stempniewicz 1995; Harding et al. 2004 ) than those of other species of the tribe (15-20 days after hatching with 15-30% of adult body mass ; Sealy 1973; Gaston and Jones 1998) . Female desertion of parental care in both the Little Auk and the three other Alcini species is far from being understood. The relatively long nesting period of biparental care and the short time window for breeding in the high Arctic renders the re-mating hypothesis inapplicable to Little Auks, and only the hypothesis of differential capacity and/or roles of the parents can be considered a viable explanation.
Studies of Little Auks that have compared male and female parental care at various stages of breeding indicate similar, if not male-biased parental efforts (Stempniewicz and Jezierski 1987; Harding et al. 2004; WojczulanisJakubas et al. 2009b ). However, Taylor (1994) showed that Little Auk females had a body mass similar to that of males during the incubation period but not during chick rearing, when they are significantly lighter than males. This finding may indicate a differential male and female response to the same parental burden.
To examine the role of the birds' body condition in female brood desertion, we used body mass corrected for body size (hereafter named body mass) and the heterophil to lymphocyte (H:L) ratio, which is an indicator of stress level. Body mass is easily determined and has been widely used as a measure in similar studies (e.g. Taylor 1994; Amat et al. 2000; Williams et al. 2007) . A marked decline in a bird's body mass is usually associated with an increase in parental effort (Croll et al. 1991; Jones 1994; Phillips and Furness 1997) . The H:L ratio is often used as an index of the level of response to various stressors, such as infectious diseases or starvation, but it is also an index of parental performance (reviewed in Davis et al. 2008; Gladbach et al. 2010; Dehnhard et al. 2011) . For example, in Upland Geese Chloephaga picta leucoptera, higher H:L ratios were recorded in individuals with a lower body mass and caught later in the breeding season (Gladbach et al. 2010 ). This stress-related measure has the advantage of being less variable and longer lasting than the corticosterone stress response and is not influenced by a handling time of up to 1 h (Davis 2005; Davis et al. 2008) .
If brood desertion by Little Auk females is indeed induced by body reserve depletion, in line with the differential capacity hypothesis, we should expect females to have a lower body mass and a higher stress level than males, with differences between sexes being particularly well pronounced at the end of the breeding period.
Materials and methods

Study area and field work
The fieldwork was conducted in the Little Auk breeding colony on a moraine slope of the Buchanbreen glacier in Data on body mass and the H:L ratio were collected systematically during the five phases of the breeding season, which can be distinguished by variations in parental activities during the nesting period (Harding et al. 2004; Wojczulanis-Jakubas et al. 2009b ) and the pattern of chick development. In our study, the latter was determined on the basis of published data (Stempniewicz 1980; Gaston 1985, Konarzewski and Taylor 1989) and our own raw body mass measurements of chicks from 36 nests in 2008. The chicks were weighed with an electronic balance (accurate to 0.1 g; OHAUS, Nänikon, Switzerland) every 3 days starting from days 1-3 of life until fledging. Cut-off points of the different breeding phases were distinguished for each season according to the respective median date of hatching. To establish the median date of hatching, we monitored a group of 36 nests in 2008 and a group of 53 nests in 2009 every 2 days, beginning from late incubation and continuing to the hatching of the last chick in the group of nests. The hatching was quite synchronous in the colony studied, with most chicks ([83%) hatching within 1 week in both seasons. The first phase distinguished was the second half of the incubation (2-14 days before hatching), during which time the principal activity of the parent birds was to warm the egg (Wojczulanis-Jakubas et al. 2009b ). The four other phases were the consecutive weeks of the chickrearing period. During the first week of chick rearing (chicks 1-7 days old), both Little Auk parents brood and provision the chick at a rate of two to five feedings per day (Stempniewicz and Jezierski 1987; Harding et al. 2004; Wojczulanis-Jakubas 2007) . In the second week of chick rearing (chicks 8-14 days old), the adults gradually reduce brooding but continue to feed at a similar frequency (Harding et al. 2004; Wojczulanis-Jakubas 2007) . The first 2 weeks of chick rearing are when the chicks show the most intensive chick rate (approx. 20 g per 3 days; Stempniewicz 1980; Gaston 1985; Konarzewski and Taylor 1989 ; this study). The feeding rate in the third week of chick rearing (chicks 15-21 days old) is similar to that of earlier weeks (Stempniewicz and Jezierski 1987; Harding et al. 2004; Wojczulanis-Jakubas 2007) , but the growth rate of chicks is slower (approx. 9 g of body mass per 3 days; Stempniewicz 1980; Gaston 1985; Konarzewski and Taylor 1989 ; this study), primarily due the growing chicks' wing exercising activities outside the nest chamber (Stempniewicz 1995) . During the fourth and last week of chick rearing (chicks [21 days old), females cease feeding their offspring and leave the colony, thereby providing one of the probable explanations of the observed very slow chick growth and body mass recession during that period (Stempniewicz 1980; Harding et al. 2004; WojczulanisJakubas 2007) . The exact time of when females cease to feed their chick remains to be studied, but our observations to date (unpublished data) indicate that most females disappear from the colony 3 days before their chick fledge, while some may stay until the end of nesting period.
Birds were captured either with mist nets and noose carpets spread over the colony area (the same as for hatching controls) or taken directly from nests while incubating, brooding or feeding. Although the exact hatching time was not known for all of the birds captured in our study, the synchrony of hatching in the monitored group of nests allowed us to assume a similar phase of breeding for the individuals sampled at the same time. Only adults (C2 years of age), which can be distinguished from subadults based on the appearance of flight feathers and upper wing coverts in the former (Stempniewicz 2001) , with a large brood patch (incubation) or gular pouch full of food (chick rearing), an indication of breeding, were considered in the study. The captured birds were ringed, measured (wing and head-bill length) and weighed (with a 300 g spring balance, accurate to 1.0 g; Pesola, Blickensdorf, Switzerland), after which approximately 20 ll of blood was taken from the brachial vein. Each bird was sampled only once. Part of each collected blood sample was used for leukocyte analysis; the remainder of each sample taken was stored in 1 ml 96% ethanol until used for DNA-based sex identification. Birds were released after 10-15 min of handling without any harm. A total of 164 males and 131 females were captured (Table 1) .
Since the parental effort (number of feeding and foraging time) of Little Auks may vary in different breeding colonies and seasons (e.g. Jakubas et al. , 2011 , in both seasons we continuously observed (24 h/day) individually marked parents from nests with a known hatching date. Timing of the observation was aimed at the mid chick-rearing period, when chicks are already homeothermic (Konarzewski and Taylor 1989) but they still show intensive growth (Stempniewicz 1980; Gaston 1985; Konarzewski and Taylor 1989 ; this study). The observations were performed when the chicks were on average 12 and 16 days old in 2008 and 2009, respectively. In order to be able to follow the birds during these observations, we marked both breeding mates from 36 different nests (16 in 2008 and 20 in 2009 ) that had been captured at the end of the incubation period with unique dyed characters on the breast feathers and a combination of coloured rings. A blood sample for molecular sexing was taken from each marked bird. All nests were situated in close proximity of each other within a small (200 m 2 ) colony patch, allowing two observers to follow all marked birds. A bird that appeared after an absence in the colony patch with full gular pouch and which entered the nest was regarded as feeding. The number of feedings was calculated per 24 h per bird. Total time spent outside the colony (total time spent on foraging trips) was calculated based on the presence/absence of marked individuals from the studied colony patch-with continuously monitoring and readings made at least every 10 min.
Laboratory work
The blood smears were air dried, then stained using the May-Grünewald-Giemsa method and examined under a compound microscope at a magnification of 1,0009 with oil immersion. Leukocytes, with respect to their type, were counted until the cumulative total was 100 cells. All types of leukocytes were counted, but only data on heterophils and lymphocytes were used in the study owing to the small number of other leukocytes (basophils, eosinophils and monocytes). DNA for sexing was extracted from coagulated blood (after ethanol evaporation) using a Blood Mini kit (A&A Biotechnology, Gdynia, Poland). CHD genebased analyses were performed with the primer pair F2550 and R2718, according to Griffiths et al. (1998) using a 50°C annealing temperature for the PCR reaction. The sex differences in the PCR products were clearly visible when the fragments were separated on a 2% agarose gel and stained with ethidium bromide.
Data analysis
Owing to the lack of data for the last week of the chickrearing period in 2009 (only two males and one female sampled; Table 1 ), two separate approaches were applied. In the first, data from the corresponding phases of breeding from the two seasons (i.e. incubation and the first 3 weeks of chick rearing) were used, and in the second, data from all phases of breeding but only from one season (2008) were included.
General linear models (GLMs) were used to test for sex, breeding phase and season differences in body mass and H:L ratio. Body mass was analysed using analysis of covariance (ANCOVA) (García-Berthou 2001) with sex, breeding phase and season as independent variables and head-bill length as a covariate. When data from one season only were analysed, the season variable was excluded from the model. Head-bill length was chosen as a body size covariate since this is the one morphological character that differentiates the sexes . H:L ratios were analysed using factorial ANOVA with sex, breeding phase and season as independent variables. In these analyses also, when data from one season only were analysed, the season variable was excluded from the model. The Newman-Keuls test was used as a post hoc test in all GLM analyses. Multiple regression was used (Freckleton 2002) to evaluate the influence of the birds' body size (i.e. head-bill length) and H:L ratio on their body mass, separately for males and females Differences between the sexes and two seasons in feeding rate and foraging time were tested using factorial ANOVA, with season and sex as independent variables. The Newman-Keuls test was used for a post hoc testing.
All data were tested for homogeneity of variance (Leven's test) and normality (Kolmogorov-Smirnov test). To approach the normality of the H:L data, arcsin squareroot transformation was applied (Zar 1999) . After such treatment all data satisfied the assumptions of the GLMs. The statistical analyses were performed using Statistica 8.0 (StatSoft, Tulsa, OK). 
Results
In the first model (two seasons, breeding period without the last phase of chick rearing), body mass of Little Auks was found to be significantly influenced by body size (ANCOVA F 1,239 = 12.27, P = 0.001), sex (F 1,239 = 5.74, P = 0.02) and season (F 1,239 = 5.39, P = 0.02), but not by breeding phase (F 3,239 = 2.17, P = 0.92). Interaction between body mass and both categorical predictors was not significant (F 3,244 = 0.60, P = 0.62). The birds had a lower body mass in 2008 than in 2009 (Newman-Keuls test P \ 0.05), and males were generally heavier than females (Newman-Keuls test P \ 0.05). In the second model (one season with all phases of breeding), body mass of Little Auks was found to be significantly influenced only by body size (ANCOVA F 1,151 = 14.04, P \ 0.001), but not by sex (F 1,151 = 2.63, P = 0.11) or phase of breeding (F 4,151 = 0.28, P = 0.89; Fig. 1 ). Also, interaction between body mass and both the categorical predictors was not significant (F 4,151 = 0.58, P = 0.68). Factorial ANOVA performed on the two-season dataset revealed that H:L in breeding birds was significantly influenced by breeding phase (F 3,240 = 3.51, P = 0.02) and season (F 1,240 = 20.91; P \ 0.001) but not by sex (F 1,240 = 0.10; P = 0.75). The sex 9 phase of breeding 9 season interaction was not significant (F 3,240 = 0.77, P = 0.51). The birds had a higher H:L ratio in 2008 than in 2009. Birds of both sexes had a significantly lower H:L at the end of the incubation period than in the second and third week of the chick-rearing period (Newman-Keuls test P \ 0.05). In the approach using the data set from 2008 only, the H:L ratio in breeding birds was significantly influenced by breeding phase (F 4,152 = 6.55, P \ 0.001) but not by sex (F 1,152 = 0.54; P = 0.47); no sex 9 phase of breeding interaction was revealed (F 4,152 = 1.73, P = 0.15). The H:L values of birds of both sexes were similar at the end of the chick-rearing period to those recorded at the end of incubation, and both were significantly lower than those noted during the first 3 weeks of the chick-rearing period (Newman-Keuls test P \ 0.05; Fig. 2) .
Multiple regression performed for males showed that body mass was significantly influenced (R 2 = 0.11, The birds performed similar a number of feedings regardless of season [mean ± standard deviation (SD) in 2008: 4.2 ± 1.71 and 4.2 ± 1.74 in 2009; factorial ANOVA F 1,68 = 0.27, P = 0.61] and sex (males 4.5 ± 1.44, females 4.1 ± 1.95; F 1,68 = 1.07, P = 0.30). The interaction between sex and season was not significant (F 1,68 = 0.63, P = 0.43). Significant interannual differences were found in terms of total foraging time (factorial ANOVA F 1,68 = 4.26, P = 0.43; Newman-Keuls test P \ 0.05), with a higher value for season 2008 (mean ± SD: 19.8 ± 3.14 h) compared to 2009 (18.3 ± 2.94 h). However, sex did not influence total foraging time (males 18.80 ± 3.09 h, females 19.16 ± 3.15 h; F 1,68 = 0.25, P = 0.62). The sex and season interaction was also insignificant (F 1,68 = 0.01, P = 0.92).
Discussion
No sex differences were found in either the Little Auk's body mass or in the pattern of changes in the stress level of birds (expressed by the H:L ratio) during the whole study period. These results indicate similar male and female contributions to parental care and are basically consistent with reported behavioural data (Stempniewicz and Jezierski 1987; Harding et al. 2004; Wojczulanis-Jakubas et al. 2009b ; this study). The lack of sex differences in the tested parameters at the beginning of the chick-rearing period suggests that the females have recovered from their initial energy investment in egg production. This restoration of reserves is likely to have been achieved by increasing food intake prior to egg-laying (Williams 2005; own unpublished data) and/or during incubation (Jakubas et al. 2008) . Also during the chick-rearing period, the current energy demands of both sexes seemed to be covered without their body reserves becoming depleted. Consequently, at the end of breeding season Little Auk males and females were in a similar physiological state. Our results undermine the hypothesis regarding the depletion of female body reserves as a cause of their earlier brood desertion. In such a contex, a sex-specific role in parental care during and after fledging might be an alternative explanation of the transition from biparental to paternal care in Little Auks. Owing to predatory pressure on the part of the Glaucous Gull (Larus hyperboreus), colony departure is a highly vulnerable moment in the life of a Little Auk chick (Stempniewicz 1995; Wojczulanis et al. 2005) . To increase the chances of chick survival in the case of a gull attack, the escorting adult male performs a manoeuvre that is supposed to distract the predator (Stempniewicz 1995) . Being somewhat larger and presumably also more aggressive, the male parent may be more capable of protecting the chick than the female. Razorbill males were found to be more specialized than females in the defence of their brood. When a model of the main predator was presented, males displayed aggressive behaviour more frequently than females, whereas females either showed no response or responded with self-protective behaviour more often than males (Paredes and Insley 2010) . Another point is parent-offspring recognition, which seems to be mandatory for chick survival during and after colony departure. While fledging, the chick is in constant vocal contact with the escorting parent (Stempniewicz 1995; own observations). In Razorbills, it is only the male that appears to recognize its chick's call, or at least respond to it (Insley et al. 2003) . However, sex-biased efficiency in chick defence and/or parent-offspring vocal recognition in the Little Auk requires further study.
Considering the universality of the transition from biparental to paternal care in the Alcini tribe, it is also likely that female brood desertion in Little Auks is simply associated with an ancestral pattern of parental care. Overall, in charadriiform birds, male-biased care of the chick is more common than female-biased care. The origin of this pattern is controversial. One hypothesis postulates that biparental care was ancestral and that the uniparental system evolved subsequently, depending on the differences in the costs of care and the benefits of desertion (Jenni 1974; Emlen and Oring 1977) . Alternatively, the male-to biparental care hypothesis suggests that the earliest forms of male care were followed by female care as males reduced their contributions. In any case, once the hormonal or neural pathways were established in Alcini ancestors, it could be ''easy'' to revert to the paternal state when biparental care did not increase fitness for a particular breeding phase.
Little Auks, having relatively high wing load, are expected to exhibit adaptive mass loss during the breeding, similar to other members of the Alcidae family (e.g. Brünnich's Guillemot; Croll et al. 1991) . Such a loss of body mass at the beginning of the chick-rearing period might be a means of increasing flight efficiency for the most demanding time of breeding in terms of flight performance. Indeed, Taylor (1994) , who examined body mass in Little Auks in a breeding colony in Hornsund, found an abrupt fall in body mass soon after hatching. However, this was not found to be the case in our study. The reason for this apparent discrepancy between Taylor's (1994) and our study may be differences in the breeding conditions of the two areas. The present study site, Magdalenefjorden, is a trophically much less favourable area than Hornsund. Birds from Magdalenefjorden are forced to forage in suboptimal food conditions nearby the colony and/or to perform longer foraging trips ([100 km, to the edge of sea ice; Jakubas et al. 2012 ) than birds from the colony in Hornsund (Kwasniewski et al. 2010) . The inferior conditions in Magdalenefjorden may cause only a small increase in Little Auk body mass during the incubation period, as was found to be the case in the Wilson's Storm Petrel Oceanites oceanicus. The mass of the adult petrels during incubation was high in good seasons but low in poor ones (Quillfeldt et al. 2006) . Consequently, Little Auks from Magdalenefjorden may exhibit a less pronounced decline in body mass after hatching, since for birds having an already lower body mass the adaptive mass loss might be less beneficial. Jacobs et al. (2011) put forward a similar argument for Kittiwakes (Rissa tridactyla): in a poor year the birds did not show the typical, adaptive loss of body mass.
The lower body mass and elevated stress level of the Little Auks in 2008 suggest an adverse breeding conditions compared to 2009. Indeed, comparison of parental efforts between those two seasons revealed that the birds spent more time on foraging in 2008. The results support recent experimental evidence that a decrease in body mass is associated with increased foraging costs in the Little Auks (Harding et al. 2009a, b) . It is interesting that even birds operating in such suboptimal conditions as in Magdalenefjorden were still able to adaptively regulate their body mass and stress level.
Contrary to body mass, the pattern of changes in the H:L ratio in Little Auk adults seems to reflect quite well their parental effort in the consecutive phases of breeding. The H:L ratio increased in both sexes after hatching, thus along with the increase in parental effort associated with brooding and feeding the chick. Surprisingly, however, in the fourth week of the chick-rearing period, when the male and female (if still present) were feeding the chick with the same frequency as in previous weeks (Wojczulanis-Jakubas 2007) , the H:L ratio fell to the incubation level in both sexes. This could indicate the initiation of an internal mechanism preparing adults to bring breeding activities to an end and/or to initiate moulting, as lowered H:L ratios are reported in moulting birds (e.g. Driver 1981; Hawkey et al. 1989; Sanz et al. 2004) .
Summing up, in the light of our results, the body mass and stress level of the Little Auk do not seem to be prime reasons for the cessation of parental care. However, further research into the physiological state of breeding birds is needed. A study measuring the level of prolactin, which is believed to control parental behaviour (e.g. Buntin 1996) , could provide insight into the mechanisms governing the earlier ending of breeding in Little Auk females. Also, testing the sex-specific role in parental care during and after fledging may help to understand the transition to uniparental care. Finally, as the depletion of female body reserves after laying may depend on their breeding experience (e.g. Bauch et al. 2011 ), a study considering this factor in Little Auks would be valuable.
